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Two distinct loci for the 24-kDa subunit o f the m ito­
chondrial NADH:ubiquinone oxidoreductase (complex 
I o f the respiratory chain) were detected in  the human  
genome: a transcribed gene from chrom osom e 18 and 
an inactive locus on chromosome 19. Cosmid clones 
containing the functional gene (NDUFV2) and the 
pseudogene (NDUFV2P1) were isolated. The NDUFV2 
gene spans approxim ately 20 kb and contains 8 exons. 
Refined m apping of both NDUFV2 genes by FISH re­
su lted  in an assignm ent of the NDUFV2 gene to 
1 8 p ll.2 -p ll.3 1  and of the NDUFV2P1 gene to 19q l3 .3- 
qter. The nucleotide sequence of the NDUFV2P1 pseu­
dogene differs from the cDNA sequence by the lack of 
the m ethionine in itiator codon, an additional 165 bp 
of the first intron sequence, and a 1-nucleotide dele­
tion. © 1995 Academic Press, Inc.
INTRODUCTION
The mitochondrial NADH’.ubiquinone oxidoreduc­
tase (complex I) (EC 1.6.5.3) of the respiratory chain is 
composed of at least 41 proteins. Seven of these are 
coded for by the mitochondrial genome, and 34 are of 
nuclear origin (Walker et aL} 1992). Complex I cata­
lyzes the transfer of electrons from NADH to ubiqui­
none coupled to ADP phosphorylation. Together with 
the 51- and the 10-kDa subunit, the 24-kDa subunit 
constitutes the flavoprotein fraction of complex I (Ga-
Part of the results were presented at the chromosome 18 workshop 
held on July 19-20, 1993 in Doorwerth, The Netherlands; de Coo,
Geurts van Kessel, A., Harding, A., Morgan-Hughes, J., and 
van Oost, B. A. (1994), Assignment of the 24-kDa subunit of complex 
I of the respiratory chain to chromosome 18. Cytogenet Cell Genet 
65: 162. The human 24-kDa subunit gene has been assigned the 
symbol NDUFV2 by the Human Gene Mapping Workshop Nomencla­
ture Committee.
1 To whom correspondence should be addressed. Telephone: 31-
80613799. Fax: 31-80616658.
lante and Hatefi, 1979). The 24-kDa subunit contains 
a F e-S  cluster and is as such involved in the electron 
transport (Ohnishi et aL, 1985). The primary structure 
of the 24-kDa subunit is closely related to the first 188 
amino acids of a component of a soluble NAD-depen- 
dent hydrogenase from the bacterium Alcaligenes eu~ 
trophus (Tran-Betcke et aL, 1990).
As with mitochondrially encoded complex I genes, 
defects in nuclear-encoded complex I genes could result 
in a mitochondrial (encephalo-) myopathy. Complex I 
deficiency has been described in association with sev­
eral mitochondrial myopathy syndromes, including (i) 
myopathy with exercise intolerance, (ii) (encephalo-) 
myopathy, or (iii) multisystem dysfunction (Morgan- 
Hughes et aL, 1986). In blood, the mitochondrial dys­
function is reflected by lactic acidemia. Schapira de­
scribed one patient with a complex I deficiency and, on 
immunoblot, a partial deficiency of the 24-kDa subunit 
(Schapira et aL, 1988). However, no direct relationship 
between a defect in a nuclear-encoded complex I sub­
unit and disease has been demonstrated yet.
The important role played by the 24-kDa subunit in 
the catalytic function of complex I makes it a promising 
candidate gene for mutation analysis in patients with 
a complex I deficiency. Characterization of the 24-kDa 
subunit gene is a prerequisite for a comprehensive mu­
tation analysis. In the present paper we describe the 
identification of the human 24-kDa subunit gene and 
its pseudogene.
MATERIALS AND METHODS
Southern blot analysis. Chromosomal DNA was isolated from pe­
ripheral blood lymphocytes (Miller et al., 1988). DNA (10 fig) was 
digested with i£coRI (Gibco BRL), resolved by agarose gel electropho­
resis, and immobilized on GeneScreen Plus (DuPont NEN, Boston, 
MA) by Southern blotting, according to standard procedures (Sam- 
brook et aL, 1989). The 24-kDa cDNA probe (see Fig. 4), which covers 
813 of the 878 bp of the nearly full-length cDNA (Pilkington and 
Walker, 1989; Toda et aL, 1989), was 32P-Iabeled by random primer
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synthesis (Feinberg and Vogelstein, 1983). Prehybridization and hy­
bridization were performed at 65°C in 0.5 M  sodium phosphate buffer 
(pH 7.2)/7% (w/v) sodium dodecyl sulfate/1 mM  EDTA. Filters were 
washed three times for 5 min and once for 30 min at 65°C in 40 
mM  sodium phosphate (pH 7.2)/0.1% sodium dodecyl sulfate. For 
autoradiography, filters were exposed to Kodak X-ray films for up to 
7 days at -70°C.
Northern blot analysis. Total RNA was isolated from 20 X 106 
cultured cells using RNAzol (Cinna/Biotecx Laboratories, Friends­
wood, TX) according to the instructions of the manufacturer. Multiple 
tissue Northern blots (Clontech Laboratories, Palo Alto, CA) con­
taining 2 /ig of poly(A)+ RNA from different human tissues were 
hybridized with the 24-kDa cDNA probe. The amount of poly(A)+ 
RNA was normalized according to the /?-actin expression.
Cell lines. cDNA was synthesized using RNA extracted from a 
chromosome 18-only specific hybrid cell line (Coriell Institute, Cell 
Repository No. GM12082) and using RNA isolated from a chromo­
some 19q-only hybrid (Schonk et al., 1989) using the Geneamp RNA 
PCR kit (Perkin Elmer Cetus). After reverse transcription, 10 ¡A of 
the cDNA preparation was used as a template in a 100-/¿l PCR reac­
tion mixture containing the primers 750f and 853r (see Table 1). For 
the chromosomal localization of the 24-kDa cDNA gene, a panel of 
well-characterized human—rodent somatic cell hybrids was used 
(Geurts van Kessel et aL, 1983). The chromosomal constitution of 
the hybrids was evaluated using reverse (R)-banding on air-dried 
spreads according to standard procedures. Of each cell line at least 
16 metaphases were examined. The cells used for chromosome analy­
sis and DNA extraction were always derived from the same culture 
batch.
In situ hybridization. Two hundred nanograms of the biotinyl- 
ated cosmid probe (derived from cosmid clones 188c and 189c, see 
Results) was preannealed in the presence of 10 /ig Cot-1 DNA (Life 
Technologies) to compete out reiterated sequences. Then, the probe 
was hybridized to BrdU-incorporated high-resolution chromosomal 
preparations under a 18 X 18-mm coverslip for 16 h  at 37°C and 
detected immunocytochemically as described (Suijkerbuijk et al., 
1992). Counter staining of the chromosomes was performed with 
DAPI (Sigma). Chromosomes were studied under a Zeiss Axiophot 
epifluorescence microscope equipped with appropriate filters for the 
visualization of FITC and DAPI, and digital images were recorded 
using a Photometries high-performance CH 250/a cooled CCD 
camera,
Cosmid identification. The cDNA clone (see Fig. 4, nucleotides 
41-853 of cDNA) was used to screen a chromosome 18 flow-sorted 
library (constructed by Peter de Jong, Lawrence Livermore Labora­
tory) and a human genomic cosmid library (made available by Martin 
Hofker, Leiden). The Qiagen plasmid purification kit (Qiagen Inc., 
Chatsworth, CA) based on the alkaline lysis method was used for 
the purification of cosmid DNA,
Sequence analysis. Two micrograms of cosmid DNA was sub­
jected to direct cycle sequencing of both strands. Using the Tag Dye- 
Deoxy terminator cycle sequencing kit (Perkin Elmer/Applied Bio sys­
tems), we analyzed the samples with an Applied Biosystems 373A 
DNA sequencer.
RESULTS
Southern blot analysis o f the 24-kDa subunit genes. 
A human cDNA encoding the 24-kDa subunit of com­
plex I (EMBL/GenBank Accession No. M22538) as pub­
lished by Pilkington and Walker (1989) was isolated 
by PCR from total human mRNA. After reverse tran­
scribing the RNA, an 813-bp fragment of the human 
cDNA (Fig. 4; primers 4 If and 853r) was amplified and 
used as probe. Southern blot analysis of an EcoRl re­
striction digest of human genomic DNA revealed five 
bands (15, 8, 6.5, 4.5, and 1.6 kb; see Fig. 1). The differ-
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FIG. 1. Hybridization of ÆcoRI-restricted genomic DNA with the 
human 24-kDa subunit cDNA as a probe. This probe contains the 
entire coding region and the 3' UTR. Lane 1, human genomic DNA; 
lane 2, cosmid clone 120H11; lane 3, cosmid clone 189c. The size 
marker used is the 1-kb ladder from Gibco BRL. The partial cDNA 
that is used as a probe causes the diminished intensities for the 6.5- 
and 1.6-ltb bands in lanes 1 and 2.
ence in intensity of the bands suggested that there is 
more than one gene and/or pseudogene.
Chromosomal assignment o f the 24-kDa subunit 
genes. A Southern blot panel of human/hamster so­
matic cell hybrids were analyzed using the 24-kDa sub­
unit cDNA as a probe. The Southern blot hybridization 
pattern for the EcoRl digest of human DNA was clearly 
distinguishable from that for hamster DNA. The 15-kb 
EcoRl restriction fragment could be assigned to human 
chromosome 19. The other EcoRl restriction fragments 
of the 24-kDa subunit gene(s) were present only in so­
matic cell hybrids containing at least human chromo­
some 18 (data not shown).
Further refinement of the mapping of the loci of the 
24-kDa subunit was achieved with somatic cell hybrids 
containing fragments from either chromosome 18 or 
chromosome 19 (Fig. 2). By doing so, the locus on chro­
mosome 18 could be confined to 18p ll.2—pter and the 
locus on chromosome 19 to 19ql3.3-qter (Fig. 2).
Isolation o f genomic clones for the 24-kDa subunit 
genes. Screening of a human cosmid library with the 
24-kDa subunit cDNA probe yielded four cosmid clones. 
Two cosmids, 188c and 189c, were selected for further 
experiments. Both showed a PCR fragment of 104 bp 
with primer set 750f/853r. An EcoRl restriction map 
showed a single positive fragment of 2.5 kb for clone 
188c and a strong positive fragment of 15 kb for clone 
189c. Cosmid 189c was mapped to 19qter by FISH anal­
ysis (data not shown). Cosmid clone 188c, containing
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FIG. 2. (A) Idiogram of chromosome 18 depicting the localization of the NDUFV2 gene (lanes 1-9) by PCR with primers 750 and 853 
on somatic cell hybrids. Lane 1, truncated chromosome 18 (X;18)(pll,2;qll.2) (gift of B. de Leeuw); lane 2, HHW324; lane 3, JH407; lane
4, JH357; lane 5, HHW778; lane 6, JH252; lane 7, JH158; lane 8, JH341; lane 9, JH211, (lanes 2 -9  see Overhauser et al., 1993). Lane 10, 
localization by FISH. (B) Idiogram of chromosome 19 depicting the localization of NDUFV2P1 determined by PCR with primers 750 and 
853 on somatic cell hybrids. The human-specific bands are found in lanes 5 and 6, Lane numbers and corresponding hybrid numbers are 
as follows: lane 1, hybrid 908K1; lane 2, 908K1A; lane 3, 908K1A1; lane 4, 908K1B; lane 5, ORIM7-1; lane 6, GM89A9-C9-7 (Schonk et al., 
1989); lane 7, localization by FISH.
the 2.5-kb EcoRl restriction fragment, was mapped to 
chromosome 1 8 p ll.2 -p ll.3 1  by FISH (Fig. 3).
To avoid interference of the chromosome 19 locus 
w ith the isolation of additional chromosome 18 cos- 
m ids, a chromosome 18-specific cosmid library was 
screened. One cosmid, 120H-11, was analyzed in detail. 
This cosmid apparently spans the whole gene, as it
FIG. 3* Chromosome localization of NDUFV2 by fluorescence in 
situ  hybridization on chromosome 18. Arrow, paired signals are pres­
ent at 18p ll.2 -p ll.31 .
showed the same pattern of EcoRl restriction frag­
ments as human genomic DNA on Southern blot analy­
sis except the 15-kb band, which contains the pseu­
dogene sequence (see below and Fig. 1).
The locus on chromosome 18 contains the whole open 
reading frame of the 24-kDa subunit gene. The 120H-
11 clone was used as a template in a cycle-sequencing 
protocol with primers derived from the cDNA sequence 
(Table 1). Six of seven forward primers yielded good 
sequence, and the intron-exon boundaries could be de­
termined in all cases except exons 2 and 3 (Table 1). For 
exon 2 we determined the 5' boundary with a reverse 
primer and the 3' boundary was sequenced with the 
forward intron primer If. As exons 3 and 4 were sepa­
rated by only 85 bp, sequencing with the reverse exon
4 primer 34 lr  revealed the 3 7 end and the 5' end of 
exon 3 in one run. Based on this sequence information, 
reverse primers were designed to find the remaining 
intron-exon boundaries. The gene appeared to have 
eight exons (Fig. 4) and a maximal length of 20.6 kb 
(Fig. 1), as judged from the size of the EcoRl restriction 
fragments of the cosmid clone (Fig. 1). The estimated 
intron lengths, found by PCR amplification with Taq 
Extender PCR Additive (Stratagene), varied between 
0.85 and 6.5 kb (Table 2). This indicates a total exon- 
intron length of 18.2 kb.
The 24-kDa subunit gene is transcribed from the chro­
mosome 18 locus only. Total mRNA was isolated from 
the somatic cell hybrids harboring either a single chro­
mosome 18 or a single chromosome 19. Reverse tran­
scription followed by PCR for the 24-kDa subunit cDNA 
with primer pair 750f/853r revealed a PCR fragment 
of the predicted size for the chromosome 18 harboring 
somatic cell hybrid only. The chromosome 19 cell hy­
TABLE 1
Polym erase Chain R eaction Prim ers U sed for Amplification and Cycle Sequencing o f the NDUFV2 Gene
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Primer Position“ Exon Sequences (5'-3')
41f 41—58 I CCGCCATGTTCTTCTCCG
254f 254-274 rv ATCCAGAAGGCCATAAAGCAG
412f 412-432 y AATCGAAAGCCAGTTGGAAAG
523f 523-543 VI GTTGGGGAGACTACACCTGAC
663f 663-683 VII AAATTATTGATGAG CTC AAG G
750f 750-767 VIII TGAACCACCCAAGGGACC
853r 853—833 VIII C GTAGATTGGAAGTC C ATATT
760r 760-740 VIII TGGGTGGTTCAGTCAAAGAGG
693r 693-674 VII GGTTTTGGGATTTTGCCAG
593r 593-573 VI GCGTTCACACAGGCCCCTAAA
485r 485-465 V CTGTC AGAGTTTC GAAG C ATG
341r 341-321 IV TTCATAGCAGAGATGGGCAAC
219r 219-199 III TTCTGGTGTGAAATCAAATGG
165r 165-145 II CACAAATAAAGCTCCTCCAGC
58r
Intron primers
58-40 I
Intron
GGAGAAGAACATGGCGGG
5' f 1 5' TAGGCCTGGGGTCGGGAG
1 f 1 1 TTAAGGCTATGATTTACTAAACTTTC
2 f 1 2 GTAC AGTGTC ATTC AC AC CTGAG
Note. f, forward primer; r, reverse primer; 5', 5' flanking region; 3', 3' flanking region. 
n Nucleotide numbering according to cDNA sequence published by Toda et aL (1989).
brids 0RIM7-1 and GM89A9-C9-7 (for chromosome
content see Fig. 2) were negative, making transcription 
from this locus unlikely because a control RT-PCR for 
the myotonic dystrophy locus, using primers flanking 
the CTG repeat (Mahadevan et aL, 1992), yielded the 
expected cDNA fragment. This negative experiment 
also showed that the 24-kDa subunit cDNA-specific 
primer pair employed did not yield a product for the 
coisolated mRNA from hamster origin.
The 24-kDa subunit m RN A is ubiquitously expressed. 
Northern blot analysis of human poly(A)+ RNA from 
16 different human tissues (Fig. 5) showed a single 
fragment of about 1000 nucleotides. A relatively strong 
signal is seen in heart and skeletal muscle.
The locus on chromosome 19 contains a 24-kDa sub­
unit pseudogene. Automated cycle sequencing of cos­
mid clone 189c showed that the sequence of the 
NDUFV2P1 gene was similar to the 24-kDa cDNA se-
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FIG. 4. Structure of the human 24-kDa subunit gene (NDUFV2). (A) Genomic structure. Nucleotide 1 is the first nucleotide according 
to the cDNA as published by Toda et al. (1989). (B) EcoRl restriction map from cosmid clone 120H11. The sizes of EcoRl fragments harboring 
NDUFV2 exons are given in ldlobases. The position of the exon-intron boundaries is given. (C) The human cDNA with exon-exon 
boundaries. (D) The pseudogene NDUFV2P1 structure. Differences with the cDNA structure are shown. (->) primer 41f; (<-) primer 853r; 
(H) exon; (m) pseudogene; (a) presequence; (b) mature protein sequence; (c) 165-bp intron; E, EcoRl restriction site; AT, deletion thymidine 
nucleotide; AATG, deletion of ATG nucleotides 46-48. The sequence of the pseudogene is deposited with the EMBL Nucleotide Sequence 
Database under Accession No. X84682.
TABLE 2
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Sequence of the E xon-Intron Boundaries of the NDUFV2 Gene
Exon
Size
(bp) 5' Splice donor Intron
Size
(kb) 3' Splice acceptor
I >99 CACTGG giaagg 1 3 aaatttto^ GGAAGACAT
II 66 TTTGTG giaagt 2 1,5 gttgtgtag CACAGAGAT
III 63 TATAAG giatgg 3 0.085 tatatacag* AGGATAGAG
IV 117 AACAAG giactg 4 2.7 atattttag GTTGCAGAA
V 160 AGCTTG g*aggg 5 2.0 tatttttag GAATAAAGG
VI 109 TACTAT £igagt 6 1.5 tttttccag GAGGATTTG
VII GCCAAG gt atgc 7 6.5 tcatttcag- GAGTGGACG
VIII 156
Note. Uppercase bases are exon sequences. Lowercase letters indicate intron sequences. Splice acceptor and donor sites consensus 
sequences are shown in italics. For the complete exon sequence see Toda et a l  (189). The first base of the cDNA as isolated by Toda et a l 
has been numbered 1. Additional intronic sequence is deposited with the EMBL Nucleotide Sequence Database under Accession Nos, 
X84421—X84436.
quence with three differences. The pseudogene lacks 
the first 23 nucleotides, including the methionine initi­
ator codon, and shows at position 119 a deletion of one 
thymidine nucleotide (Fig. 4). At position 99 there is a 
165-bp insert, the sequence of which is identical to part 
of intron 1 of the expressed 24-kDa gene (data not 
shown).
DISCUSSION
As a first step toward identification of a nuclear gene 
responsible for a defect in complex I of the mitochon­
drial respiratory chain and understanding the pathoge-
2). The length of the first exon was not determined 
exactly, but our data combined with sequence data 
from the literature (Pilkington and Walker, 1989; Toda 
et a l,  1989) points to a transcription starting point 
between position —32 and 4* 1 of the published sequence 
by Toda et al. This assumption is supported by our 
finding that with primer 5' f l  (position —50 to -3 2 )  
and primer 58r we could not get an amplified fragment 
from cDNA, while the same primer set used on cosmid 
clone 120H11 DNA yielded the expected 109-bp frag­
ment (unpublished observations).
The open reading frame that codes for an import 
sequence of 32 amino acids and for 217 amino acids of
netic mechanism in patients with a mitochondrial (en- the mature protein (Pilkington and Walker, 1989) 
cephalo-) myopathy, we have mapped the human 24- starts at position 46 in exon 1 and ends at position 793 
kDa subunit gene. We conclude that there is only one in exon 8, The cleavage site for the mature protein is 
expressed 24-kDa gene, on chromosome 18, with a sin­
gle transcript of 1 kb. Toda et al. (1989) speculated 
about differential splicing since they detected an extra 
band on a Northern blot from a HeLa cell line from
at nucleotide position 140 in exon 2. It is very likely 
that the ATG triplet serves as the initiator codon since 
the sequence upstream is identical to that found as a 
consensus sequence for eukaryotic transcription initia-
brain. However, our Northern blot results showed only tion sites, namely CCGCCATG (Kozak, 1984).
The 24-kDa pseudogene on chromosome 19 has a se­
quence very similar to that of the human cDNA (Fig. 4). 
The differences with the chromosome 18 gene sequence
1 8 9 10 11 12 13 14 15 16
2.4
1,35
kb
a single fragment in all tissues tested.
The eight exons vary in length from 63 to 160 bp and 
are divided by introns that all follow the conventional 
intron splice donor and acceptor sequence rules (Table make it unlikely that the NDUFV2P1 locus produces
a translation product similar to that from the NDUFV2 
locus. The structure of the pseudogene is anomalous in 
two respects. First, there is no 3 '-terminal poly (A) 
tract, and second, part of the first intron of the ex­
pressed gene is present in the pseudogene. It is most 
likely that the pseudogene arose from an insertion of 
a copy of a partially processed 24-kDa gene transcript.
Detailed knowledge of the 24-kDa gene and the 24- 
kDa pseudogene will enable a comprehensive mutation 
screening of patients. In particular, one may look for 
those mutations that have inactivated the 24-kDa gene 
to generate the pseudogene. Gene conversion of adja­
cent active and inactive genes is a well-known mecha­
nism to generate mutations. This mechanism may also 
be operational for unlinked genes. For example, it has 
been demonstrated for the Von Willebrand factor gene
FIG. 5* Northern blot analysis. Hybridizations of the cDNA probe 
(nncleotides 41-853 of cDNA) from the NDUFV2 gene to 2 fj.g poly 
(A)* RNA from human tissues. Lane 1, heart; 2, brain; 3, placenta; 
4, lung; 5, liver; 6, skeletal muscle; 7, kidney; 8, pancreas; 9, spleen; 
10, thymus; 11, prostate; 12, testis; 13, ovary; 14, small intestine; 
15, colon; 16, peripheral blood leukocytes. RNA size marker bands 
are indicated to the left.
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that acquisition of pseudogene mutations by the active 
gene on a different chromosome is a major source of 
pathological mutations (Eikenboom et al., 1994).
Isolation and characterization of the NDUFV2 gene 
allows us now to investigate patients with a complex I 
deficiency and in particular those patients with a 24- 
kDa subunit deficiency (Morgan-Hughes et al., 1986).
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